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Abstract

Introduction

A physical model of the bladder has been used to
study the process of urinary catheter encrustation. Techniques have been devised for the preparation of sections
through these encrustations in situ on the luminal surfaces of catheters and for mapping the distribution of
calcium and magnesium in the biofilms. Transmission
electron microscopy on these sections showed struvitelike crystals lying in the matrix and in direct contact
with the catheter surface. Calcium phosphate ("bioapatite") was distributed throughout the film and many of
these amorphous particles appear to have cells at their
cores.
Freeze-substituted sections of biofilms also
showed electron dense materials around cell-like shapes
and X-ray mapping and X-ray scanning transmission
microscopy on the catheter biofilms also indicate that
mineralization occurs around the bacterial cells.
These observations suggest that in catheterized bladders infected by Proteus mirabilis, bacteria and crystals
formed in the urine, adhere to the catheter. Further colonization and growth of the cells on the catheter and
crystal surfaces produces the alkaline biofilm which provides the conditions for continued encrustation. The
binding of crystals directly onto the catheter and the subsequent bacterial colonization of these crystals has implications for attempts to prevent encrustation by manufacturing catheters from biomaterials impregnated or coated
with antibacterials.

Indwelling urethral catheters are used extensively
for the long-term management of urinary retention and
incontinence in patients receiving care in hospitals, nursing homes and the community (Zimakoff et al., 1993).
There is evidence that the current demographic trends
and the policy of providing long-term care outside of the
hospital is resulting in increased use of these catheters
with patients in the community. In South Glamorgan (in
Wales), for example, the number of Foley catheters prescribed by general practitioners per quarter has been rising steadily: from 901 in 1991 , to 938 in 1992, 1255 in
1993, and 1301 in the first quarter of 1994. Even with
modern closed drainage systems and careful catheter
management, patients undergoing long-term catheterization ( > 28 days), will inevitably develop bacteriuria.
Populations of mainly Gram-negative drug resistant organisms colonize the bladder urine and are difficult to
eliminate with antibiotic therapy while the catheter remains in place (Clayton et al., 1982). It is common
practice not to treat these infections until clinical symptoms indicate that the infection has reached the kidneys
or the blood stream (Warren, 1994). Under these circumstances, the catheter is constantly bathed in bacterial
suspensions, so it is not surprising that scanning electron
microscopy (SEM) has revealed that they are commonly
colonized, particularly on the luminal surfaces by bacterial biofilms (Nickel et al. , 1985; Ramsay et al., 1989;
Ohkawa et al. , 1990; Ganderton et al., 1992).
Biofilms that contain Proteus mirabilis become encrusted with calcium and magnesium salts (Stickler et
al., 1993a). This process can cause blockage of the
catheters, one of the major complications of long-term
catheterization (Bruce et al., 1974; Hukins et al. , 1983;
Getliffe et al., 1991). These blockages can induce painful urinary retention and can be very dangerous. If not
dealt with promptly, they can lead to pyelonephritis and
septicaemia (Kunin, 1987). Unnoticed catheter blockage
by encrustation can thus have serious consequences for
patients in the community where professional care is not
immediately available.
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The bladder model
The model of the catheterized bladder is described
in Stickler et al. (1994). In essence, it consists of a
glass fermentation flask maintained at 37°C by a water
jacket. A size 14 catheter (all silicone or Teflon coated
latex, BARD Ltd., Crawley, UK) was inserted into the
flask through a section of silicone tubing (a "urethra")
attached to a glass outlet at the base of the flask. The
model was sterilized by autoclaving and then the catheter
balloon inflated in the usual way securing the catheter in
position and sealing the outlet from the "bladder". Sterile urine was then supplied to the bladder at 0.5 ml per
min. In this way , a residual volume of 30 ml collects in
the bladder below the level of the catheter eyelet and
then flows via a drainage tube to a collecting bag.
Figure 1. Scanning electron micrograph of a freezefractured, freeze dried preparation showing a cross-section of a Teflon coated latex catheter that had been indwelling for 48 hours in a bladder model infected with
Proteus mirabilis. Bar = 500 J!m.

Fonnation of the encrusting biofilms
The test organism Pr. mirabilis C112, a clinical isolate from an encrusted catheter biofilm, was grown in
the artificial urine in the model for periods of up to 48
hours. On completion of the incubation period, the
urine supply was switched off, the retention balloon deflated and the catheter removed from the model. Pieces
of the catheter were then prepared for examination by
SEM and TEM.

Surveys of nursing staff responsible for catheter
management have revealed diverse opinions and uncertainties about the most appropriate method for dealing
with the problem of encrusted catheters. This situation
is a result of the lack of data on the relative merits of
the various alternatives and clinical experience of the
generally poor performance of the current methods
(Roe, 1989; Kennedy et al., 1992; Capewell and
Morris, 1993). There is clearly a need to study the encrustation process and develop effective procedures for
dealing with the problem.
In this paper, we report the results of a study of the
encrustation of bacterial biofilms grown on catheters in
a simple physical model of the bladder (Stickler et al.,
1994). We have examined the encrustations by SEM
and devised a technique for the preparation of complete
sections through encrusting biofilms in situ on the luminal surfaces of catheters for transmission electron microscopy (TEM). A method has also been developed to
analyze the distribution of magnesium and calcium in
catheter biofilms by X-ray microanalytical mapping and
X-ray scanning transmission microscopy.

Electron microscopy (EM)
The tip sections of the catheters were plunged into
liquid nitrogen cooled liquid propane and transferred to
liquid nitrogen. Cross-sections of the region just below
the eyelet were then produced by freeze-fracturing in a
specially designed copper block which held the catheter
and blade in position. The samples were then freeze
dried for 24 hours at -80° C, mounted (with fractured
surface uppermost) onto aluminium stubs, sputtered with
gold, and then examined in a JEOL JSM 5200 scanning
electron microscope operated at accelerating voltages of
1-25 kV.
To observe the nature of the biofilm surfaces, sections (approximately 1 em long) from the region just below the retention balloon were cut longitudinally into
halves. They were fixed in 3% glutaraldehyde in 0.1 M
phosphate buffer (pH 7 .4) for 1 hour and then washed
overnight in phosphate buffer. The samples were dehydrated in a graded series of aqueous ethanol solutions
(30-100%) and then critical point-dried using liquid carbon dioxide. Finally, the samples were mounted on aluminium stubs, sputtered with gold, and examined in the
scanning electron microscope.
Further sections ( 1 em long) of control and test
catheters, taken from below the retention balloon, were
placed in a solution containing glutaraldehyde (2.5%),
ruthenium red (0.075%) and 50 mM lysine in phosphate
buffered saline (pH 7.4) for 30 minutes. This fixative

Materials and Methods
Growth media
The artificial urine used in the experimental work
was based on that devised by Griffith et al. (1976). The
pH of the medium was adjusted to 6.1 and then sterilized by membrane filtration. Tryptone Soya Broth
(Oxoid, Basingstoke, UK) was prepared, autoclaved
separately, and added to the sterile basal medium to a
fmal concentration of 10.0 g/1.
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Figure 2. Transmission electron micrographs showing sections through an encrusting biofilm (- 120 JJ.m thick) that
had developed on an all-silicone catheter over 24 hours in a model inoculated with Proteus mirabilis and Escherichia
coli. Figure 2a shows the edge of the biofilm adjacent to the silicone surface (X) of the catheter. Figures 2b and 2c
are taken from the central region of the film and Figure 2d shows the boundary (Y) of the film facing the central lumen
of the catheter. Bacterial cells can be seen distributed throughout the ruthenium red stained polysaccharide matrix (M).
The unstained areas (C) are ghosts of struvite and bioapatite crystals. Bacteria (B) are visible within the bioapatite
formations.

X-ray microanalysis

solution was decanted and replaced with fresh glutaraldehyde (3. 0%) in the phosphate buffer and left for 2 hours
at 4 °C. The catheter sections were then washed in
phosphate buffer overnight and treated with 1% Millonig's phosphate buffered osiJljum tetroxide for 1 hour
at 4 °C. Dehydration of the samples was performed in
a graded series of ethanol solutions and this was followed by embedding and anaerobic polymerization in
LR White resin in gelatine capsules (size 00). The
gelatine capsules were peeled away and after a longitudinal saw-cut had been made in its wall, the catheter was
also peeled away leaving the luminal biofilm embedded
in the resin core. Cross-sections (approximately 60 run
thick) of the embedded biofilm were then cut using a
Reichert Ultracut E ultramicrotome. After staining with
uranyl acetate and Reynold's lead citrate, the sections
were examined using a JEOL 100S transmission electron
microscope operated at an accelerating voltage of 80 kV.

Pieces of encrusted catheter (1 em in length) were
plunged into liquid nitrogen cooled liquid propane and
then transferred to liquid nitrogen before storage in precooled and dried acetone (Analar, BDH, Poole, UK) at
-70°C. The temperature was slowly increased to -50°C
over 24 hours and the specimens were gradually impregnated with pre-cooled Lowicryl K11M resin in increasing ratios with the acetone until 100% resin was
achieved (Humbel and Miiller, 1985; Edelmann, 1989).
After a change of 100% resin for 24 hours, the specimens were transferred to fresh pre-cooled resin and sealed in gelatin capsules for ultra-violet (UV) light induced
anaerobic polymerization. The capsules were kept in
specially designed aluminium blocks in ethanol to dissipate the heat of polymerization and prevent it from
adversely affecting the specimens (Glauert and Young,
1989). Specimens were irradiated with UV for 5 days
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Figure 3 Unstained freeze-substituted sections of an 18 hours Proteus mirabilis biofilm. Electron dense material (D)
can be seen associated with cell-like structures.
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Figure 5. Scanning transmission micrograph of an unstained freeze-substituted section of a 48-hour Proteus
mirabilis biofilm.
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Figure 4. X-ray microanalytical spectrum of the electron dense material associated with cell-like structures in
unstained freeze-substituted sections of a 48-hour Proteus mirabilis biofilm.

voltage of 80 kV. Areas of the biofilm being analyzed
were also photographed. Suitable areas of the sections
were then subjected to speed mapping procedures using
an Oxford Link ISIS X-ray microanalysis system with a
Link Pentafet Plus detector (136 eV resolution) optimized to produce approximately 1500 counts per second
in a JEOL 2000EX TEM operated in scanning TEM
mode at an accelerating voltage of 200 kV. X-ray maps
were produced for calcium, phosphorus, magnesium,
sulphur and oxygen and a peak-to-background routine
was applied in the analysis of the results. The counting
regime was 0.3 sec/pixel which gave a total time of approximately 1.25 hours per sample. Micrographs of the
scanned areas were taken before the analysis began and
a tracking correction , to eliminate effects of any
specimen drift, was applied automatically.

after which the temperature was gradually increased and
polymerization was completed at ambient temperature.
The gelatin capsules and the silicone catheter were
peeled away leaving a central core of resin containing
the freeze-substituted biofilm. Sections, approximately
90 nm in thickness, were cut using a Diatome diamond
knife in a Reichert Ultracut E ultramicrotome.
Spot analyses of features of interest were carried out
using a multichannel X-ray microanalyzer (Link 860 series II, Oxford Instruments, High Wycombe , UK) connected t() a Philips 300 TEM operating at an accelerating
248
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Figure 6. X-ray microanalytical map of the top left-hand quadrant of the Proteus mirabilis biofi.lm shown Ill Figure
5. Calcium, phosphorus and oxygen are to be seen concentrated in the amorphous electron dense areas. Trace amounts
of sulphur and magnesium are also associated with this material.

Figure 7. X-ray microanalytical map of a 18-hour Proteus mirabilis biofi.lm. The calcium, phosphorous and oxygen
can be seen to be concentrated in electron dense cell-like structures in the unstained freeze-substituted section.
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Figure 8. Scanning transmission X-ray micrographs of part of an 8-hour Proteus mirabilis biofilm. The carbon map
(Fig. Sa) reveals the presence of two cell-like structures. Figure 8b shows the distribution of calcium around these cells.
The intensity scales (at right of these figures) indicate the concentrations of the elements (carbon 0 to 2.2 g/cm3 , and
calcium 0 to 0.3 g/cm 3) in the biofilm. Bars = 2 14m.

Scanning transmission X-ray microscopy

stain the cells. The micrographs show the structure of
various regions of the 120 14m thick biofilm from the
silicone surface to the boundary facing the central lumen
of the catheter. The elongate struvite-like (magnesium
ammonium phosphate) crystals, the amorphous "bioapatite" particles (calcium phosphate) and the bacterial cells
can be seen distributed throughout the matrix of the biofilm. In the case of the calcium phosphate, much of the
material appears to be deposited around bacilli.
Figure 3 presents a series of micrographs of unstained freeze-substituted preparations of Pr. mirabilis
biofilms. The electron dense material in and around the
cell-like structures was subjected to spot X-ray microanalysis and the resulting spectrum is shown in Figure
4. It is clear that calcium, phosphorus, and oxygen are
present in this material together with small amounts of
magnesium.
Figure 5 shows an unstained freeze-substituted preparation of a 48-hour biofilm. The distribution of calcium, magnesium, phosphorus, oxygen, and sulphur in the
section of the film shown in the top left-hand quadrant
of this micrograph was examined by X-ray microanalytical mapping. The resulting map (Fig. 6) confirms that
calcium, phosphorus, and oxygen are concentrated in the
amorphous electron dense areas. Trace amounts of sulphur and magnesium are also associated with this material. The X-ray map of an unstained, freeze-substituted
18-hour Pr. mirabilis film (Fig. 7) suggests that these
elements accumulate in the surface layers of cell-like
structures. The scanning transmission X-ray micro-

Sections (90 nm) of freeze-substituted biofilm specimens were collected onto special grids for insertion into
a scanning transmission X-ray microscope with a high
brilliance synchrotron X-ray source (Kirz et al. , 1995).
This microscope uses a soft X-ray beam at atmospheric
pressure to target single elements. Images were taken at
the calcium L-edge X-ray energies of 346 eV and 348
eV where the absorption of X -rays by calcium undergoes
a large change (Buckley, 1995). The images were subtracted to provide a 200 by 200 pixel calcium map. The
same area was imaged at 282 and 302 eV (the carbon
K-edge) to provide a carbon map.
Results
The growth of Pr. mirabilis in the model for 48
hours produced complete blocking of the catheters.
SEM of freeze-fractured cross-sections of catheters,
taken from the model after 48 hours, show the complete
occlusion of the lumen by heavily encrusted biofilms
(Fig. 1). Similar results were achieved when Pr. mirabilis was grown in mixed culture in the model with
strains of Escherichia coli or Enterococcus faecalis .
Biofilms on catheters from the model were also examined by TEM. Figure 2 shows a section through a 24hour biofilm taken from a model that had been inoculated with Pr. mirabilis and E. coli. The film had been
treated with lysine and ruthenium red to preserve and
stain the polysaccharide matrix and osmium tetroxide to
250
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graphs of part of an 8-hour biofilm are presented in
Figure 8. The carbon map (Figure 8a) reveals two celllike structures in part of the biofilm matrix. Figure 8b
shows calcium to be concentrated around these bodies.
Discussion
Previous studies on the encrustation of Foley catheters removed from patients, have shown that the main
mineral components are struvite (magnesium ammonium
phosphate) and hydroxyapatite, a poorly crystalline form
of calcium phosphate (Hedelin et al., 1984; Hukins et
al., 1989). On the basis of SEM observations, Cox et
al. (1989) proposed that the encrustation process is initiated by the colonization of the catheter by urease producing bacteria. These cells produce ammonia from
urea and the resulting alkaline environment causes the
crystallization of magnesium and calcium phosphates in
the developing biofilm. Bacteriological analysis subsequently confirmed that the urease producer Pr. mirabilis
was the predominant organism in encrusted catheter biofilms (Stickler et al., 1993b). In vitro studies by
Clapham et al. (1990) suggested that the extracellular
polysaccharide produced by Pr. mirabilis creates a gel
which stabilizes the growing crystals. Dumanski et al.
(1994) also found that the purified polysaccharide capsule from tills organism was capable of binding magnesium and accelerating struvite formation .
In the bladder model , the growth of Pr. mirabilis in
pure and mixed culture with other organisms commonly
found infecting the catheterized urinary tract, completely
blocked the catheters within 48 hours . SEM of freeze
dried, freeze-fractured cross-sections (Figure 1) reveals
the complete occlusion of these catheters with a mass of
crystalline material. While SEM has been useful in
demonstrating the presence of encrusting biofilms on
medical devices such as catheters, the dehydration involved in sample preparation causes the collapse of the
biofilm matrix and grossly distorts the native structure
of the films. The procedures we used for the preparation of samples for TEM are designed to preserve the
gel structure. In Figure 2, the ruthenium red stained
polysaccharide matrix is clearly visible. The cells are
densely stained with osmium while the crystalline material, having been washed out of these ultrathin sections
during preparation, appears as "ghost-like" structures.
The ghosts of elongated struvite-like crystals can be seen
lying in the matrix and in direct contact with the catheter
surface. These surface crystals have clearly become colonized by bacteria. The amorphous "bioapatite" is distributed throughout the film and it was particularly interesting to note that many of these particles appear to
have cells or cell-like residues at their cores.
The unstained freeze-substituted sections of an 18-

hour biofilm shows electron dense materials to be present around cell-like shapes. X-ray microanalysis confirmed that this material contains calcium and traces of
magnesium (Figs. 3 and 4). The X-ray mapping and
X-ray scanning transmission microscopy (Figs. 5 to 8)
also suggest that mineralization occurs around the bacterial cells and that traces of magnesium are present with
calcium, phosphorus, and oxygen in the "bioapatite"
particles.
Infection of the catheterized bladder by Pr. mirabilis
generates an alkaline urine and causes crystal formation
in. the bladder urine. Our observations suggest that as
this urine flows through the catheter, bacteria and crystals (struvite) bind directly onto the luminal surface.
Further colonization and growth of the cells on the catheter and crystal surfaces produces the alkaline biofilm
which provides the conditions for continued crystallization of the calcium and magnesium salts. The cells in
the biofilm are capable of acting as the foci for crystallization of the calcium phosphate. Trace amounts of magnesium are also incorporated into these particles. The
amorphous "bioapatite" particles are thus formed from
mineralized cells. As the biofilm develops further crystalline material from the bladder urine may also become
trapped in the polysaccharide matrix.
These observations have been made on biofilms developing in a simple model system in the laboratory.
The techniques that have been developed to study these
films can now be applied to catheters removed from
patients.
The observation that crystals bind directly onto the
catheter, has implications for attempts to prevent encrustation by manufacturing catheters from biomaterials
impregnated or coated with antibacterials. While these
biomaterials may temporarily prevent bacterial colonization, it seems likely that crystal formation in the bladder
urine and subsequent attachment of these crystals onto
the surface will then protect colonizing bacteria from the
active agent. We suggest, therefore, that to be effective
in preventing encrustation, an antibacterial biomaterial
should be capable of releasing the active agent at a
steady rate over prolonged periods, producing bactericidal or bacteriostatic concentrations in the urine bathing
the catheter surfaces.
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Discussion with Reviewers

D.W.L. Hukins: In the text, the authors rightly draw
attention to the presence of calcium, phosphorus, and
oxygen in the material around cell-like structures, together with small amounts of magnesium. The evidence
for this is provided by the X-ray emission spectrum of
Figure 4. However, this spectrum also shows evidence
for sodium, sulphur, chlorine, and titanium. The X-ray
microanalytical map of Figure 6 shows that the sulphur
appears to be associated with the inorganic deposits in
the biofilm. Can the authors explain the presence of the
sodium, chlorine, and titanium peaks in Figure 4?
Authors: In the X-ray spectrum (Figure 4) the titanium
peak is a contribution from the titanium grid used to
support the section. The sodium and chlorine peaks
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Encrusting biofilms on urethral catheters
probably result from adhesion to the specimen of sodium
chloride which is present at a concentration of 4.6 g/1 in
the artificial urine.

struvite is present in this particular material; we merely
comment that magnesium (perhaps of cellular origin)
was also present.

D. W .L. Hukins: The characteristic X -rays produced by
lower atomic number elements have lower photon energies than those of higher 1atomic number elements, as
can be seen in Figure 4. For example, oxygen Ka
X-rays have an energy of 0.525 keV and titanium Ka
X-rays have an energy of about 4.5 keV (4.511 keV for
Kal and 4.505 keV for Ka 2 but these are unlikely to be
resolved here).
Thus, the characteristic radiation
produced within the sample will be attenuated more for
lower atomic number elements than for higher atomic
number elements. Has any allowance for this effect
been made in Figure 4?
Authors: Figure 4 is a qualitative display of signals
collected from the specimen and the relative peak
heights are not an indication of true atomic ratios because signals have not been adjusted for overall detection
efficiencies. This is a routine which can be carried out
(Morgan et al., 1975) but which was not part of the
objectives of this study.

H. Hedelin: You describe in your article that there is
an amorphous precipitate of particles, presumably calcium phosphate, around the bacteria. Could you see such
a precipitate around Pr. mirabilis, E. coli and Enterococcus faecalis or was there a difference in this respect
between the bacteria?
Authors: This question raises the interesting point
about which cells in a mixed community biofilm can
form foci for mineralization. While we produced encrusted biofilms with a community of the three species
mentioned by Dr. Hedelin, the films we examined by
TEM and X-ray microanalysis were either produced by
Pr. mirabilis in pure culture or by mixtures of Pr.
mirabilis and E. coli. We were not able to distinguish
between these two species morphologically. It would be
interesting, however, to analyze the films containing the
morphologically distinct enterococcus and also perhaps
to use a histological marker for urease to distinguish
between the two species of bacilli.

D. W.L. Hukins: The authors conclude that to prevent
encrustation "an antibacterial biomaterial should be capable of releasing the active agent at a steady rate over
prolonged periods" . This conclusion provides valuable
support for the conclusions drawn by Bibby et al. (1995)
and emphasizes the potential utility of the methods we
have developed for minimizing encrustation.
Authors: The recent demonstration that mandelic acid
can be released into urine from a solution within the
retention balloon of the catheter (Bibby et al. 1995),
indicates an exciting alternative approach for delivering
antibacterials to sites where they might minimize
encrustation.
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G.M. Roomans: In view of the absence of a nitrogen
peak from the spectrum shown in this paper, it seems
that more evidence is needed to prove the presence of
struvite in the encrustations. Please comment.
Authors: There are two points here. Firstly, the atomic ratio of N:Mg in struvite (NH4 MgP0 4 .6H2 0) is 1:1,
and given the relatively large differences in X-ray energies of K lines for nitrogen (0.392 keV) and Mg (1.25
ke V) and the low Mg signal present in the spectrum in
Figure 4, one would not expect to detect the nitrogen
signal. Secondly, the spectrum shown is not of the struvite crystals (which are elsewhere in the biofilm) it is of
the electron dense, cell-associated "bioapatite" material.
The main reason for this figure is to demonstrate that
mineralization (essentially calcification) is occurring
around cell-like structures. We are not claiming that
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